The Attica Peninsula has experienced the rapid expansion of the Athens urban area, prior to the Athens 2004 Olympics. As a result, the distribution of pollutant sources and emission patterns has changed with a subsequent effect on the distribution of photochemical pollutants and aerosols. The purpose of the present work is to perform a comparative study of the land use changes in the rapidly developing Attica Peninsula including the Greater Athens Area (GAA) before and after 2004, the year that the Olympic Games took place, as well as of the effect of these changes on the respective pollutant distribution profiles. The land use data were provided by USGS Global Land Use/Land Cover version 2.0 Database and the updating process was fulfilled with the help of a satellite image. The area was divided into cells using a spatial resolution of 5x5 km 2 . Results showed that the urban grid has expanded considerably the past fifteen years while a great shift of population has been made to the eastern area of Attica. Also, new towns were created while others expanded and many factories moved out of the center of the city of Athens. Moreover, the forest land has decreased considerably in the Attica Peninsula either by continuous and extended fires or by the residential burst. The Comprehensive Air Quality Model with extensions (CAMx) was used in order to estimate O 3 distribution during a recorded pollution episode. Results revealed that land use changes affected slightly the O 3 concentrations and the development of a new emission inventory related to the new LULC field is necessary.
INTRODUCTION
The Greater Athens Area (GAA) being the largest conurbation of Greece suffers from poor air quality due to the combination of its complex topography and high volume of traffic, industrial units, central heating, construction works and other activities. Over the past decades a great number of researchers have studied both numerically and experimentally the air pollution characteristics of the GAA, (Kalambokas et al., 2012; Pateraki et al., 2010; Astitha and Kallos, 2008; Bossioli et al., 2007; Grivas et al., 2004; Martilli et al., 2003; Mavroidis et al., 2011; Chaloulakou et al., 2003; Moussiopoulos et al., 2000; Pilinis et al., 1993) . The study of air pollution sources and characteristics is strongly dependent on the knowledge of the land use types as they influence a variety of processes that define air quality, the most important one being distribution of emissions (Cheng et al., 2008) . Photochemical models require updated, high resolution Land Use Land Cover data (LULC). The main source for the development of reliable LULC data is the use of satellite imaging (Feldman et al., 2007) which can also be useful for updating existing data. The purpose of this study is thus to update the land use profile of the Greater Athens Area, including parts of Boeotia, northeastern (NE) Peloponnesus and Euboea island, with the help of a satellite image. The new LULC maps were introduced to the photochemical model CAMx in order to quantify the contribution of these changes on the distribution/behavior of photochemical pollution.
PHOTOCHEMICAL MODEL DESCRIPTION
The Comprehensive Air Quality Model with extensions (CAMx) is a photochemical model that simulates the emission, dispersion chemical reaction and removal of pollutants in the troposphere by solving the pollutant continuity equation for each chemical species on a system of nested three dimensional grids (CAMx v.4.40 Users Guide). The continuity equation is "solved" in time over a series of time steps. At each step, the continuity equation is replaced by a splitting method that calculates the contribution of each process (emission, dispersion, chemical reaction and removal) to the change of each cell's concentration which is then carried at the center of each cell volume. Eleven land use categories are used to describe surface characteristics, one for each cell (table 1) . Default surface roughness values are assigned to each category by season. fig.1-right) . The simulation period started at 00.00 (UTC) on June 17th, 2006 and ended at 24.00 (UTC) on June 19th, 2006 with the first 2 days used as a spin-up period. The mild synoptic conditions that occurred during the above period favored the development of a local circulation system (sea-breeze, fig.4 ) which resulted in high air pollution concentrations in the Attica peninsula. The meteorological fields (temperature, wind, pressure, water vapor, cloud/rain) used in CAMx were produced by the mesoscale meteorological model MM5. Their temporal resolution was 120 minutes for the coarse grid and 60 minutes for the fine grid while the spatial resolution was the same with the CAMx grids. Hourly gridded emissions from EMEP Centre were taken for the coarse grid, while for the fine grid an emission inventory dated back to 2000 was used which was provided by the Laboratory of Heat Transfer and Environmental Engineering (LHTEE), Aristotle University of Thessaloniki, Greece. It included hourly emission profiles for pollutants SO 2 , NOx, CO, NH 3 , NMVOCs, PM 10 and PM 2.5 for all kind of sources (point, line, area) divided in 10 different SNAPcategories (SNAP Level 1). The CB4 chemical mechanism was used which includes 96 reactions and 37 species (25 state gases and 12 radicals).
Land use/ Land cover data (LULC)
The LULC data that was used in this study was provided by the United States Geological Survey (USGS) Global LULC version 2.0 Database derived from the 1.1 km Advanced Very High Resolution Radiometer (AVHRR) for 1992. The USGS classification system includes 24 land cover categories only 14 of which are found in fine grid ( fig.2 ). With the help of the meteorological model MM5 this data was adapted to the 11 LULC categories that CAMx uses. The area was divided into cells using a spatial resolution of 5x5 km 2 with Lambert Conic Conformal projection. Each cell was checked separately and correction of the LULC category was made when it was necessary. During the Inventory process the methodology used was that of USGS Geological Survey Professional Paper 964, (www.usgs.gov). According to this paper, the LULC category that was finally adapted to a cell when multiple uses of land were recognized was the one that had the most coverage, with the exception of the built-up category which took advantage over others. The LULC field that was formed after the correction is shown in figure 2b . Afterwards, the 24 USGS land use classes were assigned to the 11 categories that CAMx uses (figure 3) and a new simulation was made. The new LULC field was then compared with land cover information derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) instrument for 2006 with spatial resolution 5600 m. The MODIS land use categories were transitioned to the CAMx ones based on their definition. 
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RESULTS
Land use land cover modification
Because of the organization of the Athens 2004 Olympic, the construction works that took place changed the landscape of the Attica peninsula. The road network was expanded, new circular roads were made (e.g., Attiki Odos) so as to serve the eastern towns of Attica and the new airport "Eleftherios Venizelos" in Spata. As a consequence, the linear residential developments along these transportation routes have extended (Mesogia Plain). The LULC field that was formed after the updating process is shown in fig.2b . It is obvious that the urban area has expanded towards the southern and eastern parts of Attica. The land use class of cells covering these areas changed from 8 (shrub land) to 1 (urban built-up land). Many changes have also been made to the relatively open area of the Thriassio Plain, to the west of the peninsula.
Except for the refineries that existed there for many years, the past 20 years many light industries moved from the center of Athens to this area. As a result, the area's landscape is now covered by structures (roads, plants, parking areas) and is characterized as "Industrial Park". As illustrated in fig.3 the percentage of cells covered by urban and built-up land has changed from 6% to 23% in the GAA. Another aspect that affected the landscape of the Attica Peninsula was the continuous and expanded fires that led to the deterioration of the forest land and the replacement of burned areas by shrubs, low vegetation and new residential areas. Moreover, in Boeotia and northeastern Peloponnesus irrigated and mixed irrigated/dry land croplands have expanded from 210 km 2 in 1992 to 420 km 2 in 2006. The increase in need for agricultural products led to the improvement of the irrigation network in these areas so the agricultural activity is nowadays more organized. The comparison between the updated LULC field and the MODIS Dataset indicated good agreement (table 2) for the urban class. However, the MODIS Dataset shows a larger spatial extent for the mixed forest class. This is due to the fact that the MODIS Dataset does not have a separate class for mixed agriculture/ range land so cells covering such areas are included in mixed forest class. Fig. 6 presents the spatial distribution of surface ozone concentrations at 9.00 LT, 12.00 LT, 15.00 LT and 18.00 LT on June 19th, 2006 with the updated LULC field as input. CAMx managed to reproduce the typical (expected) diurnal variation of O 3 . Early in the morning background concentrations dominated above the GAA and the surrounding areas while after sunrise the intense solar radiation drove photochemistry and led to the consequent ozone formation. Primary pollutants, emitted mainly in the center of the GAA, dispersed towards the Saronic Gulf at night due to the land breeze and then they arrived at the GAA as secondary pollutants early in the afternoon when the sea breeze was strongest (fig.4 ). Comparison of model results with measurements provided by the Greek Ministry of Environment revealed that CAMx didn't manage to reproduce the high values of ozone (about 110 ppb at sites Marousi and Nea Smirni and 90 ppb at site Agia Paraskevi, on June 19th) that were reported to urban stations ( fig.5 ). However, there was less difference between observations and model results at site Pallini (located out of the urban area). Concerning NOx concentrations, the model also reproduced the diurnal variation ( fig.8) . Higher values were observed in the morning and in the evening at the urban area due to the road traffic emissions. The model underestimated NOx concentrations at the urban sites (Marousi, Agia Paraskevi and Nea Smirni) while NOx concentrations at site Pallini appeared to be overestimated by the model. The statistical analysis that was performed for the evaluation of the model (table 3) figure 7 . At 9.00LT land use changes affected background ozone concentrations which appeared to be about 5ppb higher at the urban area especially for cells previously characterized as range land. The difference is greater in the early afternoon especially in the Saronic Gulf and the southern areas of Attica mainly because of expansion of the urban grid and the consequent changes in wind profile (Fameli et al. 2013) . Moreover, land use changes affected wind velocities at the eastern Attica as cropland/ woodland mosaic has now been replaced by low vegetation wind velocities increased leading to higher ozone concentrations. The differences in NOx concentrations due to the land use change appear in figure 8. Land use changes did not affect considerably NOx concentrations. An increase (about 10ppb) in NOx values appeared at the southern cells (characterized as urban area at the new land use field) of the GAA in the morning. 
Comparison of O 3 and NOx concentration profiles
CONCLUSIONS
The organization of the Athens 2004 Olympic Games altered significantly the landscape of the GAA because of large scale construction works that took place. These changes affected the distribution of pollutant emission sources and the air quality of the area. It was thought of importance to study numerically the photochemical pollution dispersion patterns above the GAA while comparing the situation before and after 2004. In this respect, an old and an updated land use map were produced based on satellite imagery data from 2006 that was used as input to the photochemical model CAMx.
The results of this study indicate that the land use land cover profile of the GAA and its surrounding areas has changed considerably, i.e., the percentage of the urban or built-up land has increased as a consequence of the expansion of the urban grid. New towns were created while others expanded especially in the eastern area of Attica where the new Athens International Airport is located. The road network has expanded and many industries have moved to the Thriassio Plain. Moreover the irrigated croplands have increased in Boeotia. The percentage of land use categories 3 and 4 (USGS LULC classification system) in the new field is 12% while in the old field was only 1%. These changes in the land use profile have affected the emission patterns as well as the photochemical pollutants concentrations (O 3 , NOx). The most prominent changes are seen in the areas around the southern part of Attica. Furthermore, the north and east suburbs of the GAA, where the density of the urban area has increased, have also witnessed an increase in secondary generated O 3 concentrations. Therefore, it is of great importance to examine and record periodically land use changes in order to develop updated emission profiles and to produce accurate photochemical modeling studies.
AKNOWLEDGEMENTS
